ABSTRACT: Ski industry has become one of the main economic activity for many mountain regions worldwide. However, the economic viability of this activity is highly dependent of the interannual variability of the snow and climatic conditions, and it is jeopardized by climate warming. In this study we reviewed the main scientific literature on the relationship between climate change and the ski feasibility under different climate change scenarios. In spite of the different methodologies and climate change scenarios used in the reviewed studies, their findings generally point to a significant impact of climate change on ski industry caused by a reduction in the natural availability of snow as well as a contraction in the duration of seasonal conditions suitable for ski. It emphasizes that the problem is real and should not be ignored in the study and management of tourism in mountain regions. However, there were significant differences in the impacts between different areas. This differences are mainly associated to the elevation of the ski resorts, their infrastructures for snowmaking and the various climate models, emission scenarios, time horizons and scales of analysis used. This review highlights the necessity from scientist to harmonize indicators and methodology thus allowing a better comparison of the results from different studies and increase the clarity of the conclusions transmitted to land managers and policy makers.
Introduction
Climate change represents a global issue and its adverse effects constitute a risk to humanity. In spite of uncertainties about, chronological evolution and regional characteristics, the negative effects of climate change on ecosystems and socioeconomic activities are now a measurable fact.
Changes in snow and ice are one of the easiest impacts of climate change to be perceived since they respond rapidly to slight variations in precipitation and temperature (López-Moreno et al., 2008; Nesje and Dahl, 2000) . Many studies have reported a decrease in snow thickness and duration in many mountain areas in the world. Thus, Laternser and Schneebeli (2003) and Marty (2008) reported years of unprecedented reduced snowfall after 1980. Less snowfall and snow accumulation was also detected in large parts of North America (Harpold et al., 2012 ; the Italian Alps (Valt et al., 2005) , Slovakia (Vojtek et al., 2003) , northern Greece (Baltas, 2007) , Spain (López-Moreno, 2005) and Himalayas (Dar et al., 2013) . Changes in snowpack have been more marked at low altitudes (Scherrer et al., 2004) .
For most mountain areas it is likely that there will be a decrease in the quantity of accumulated snow, a shortening of the snow cover period, and a decreased and earlier spring freshet (Barnett et al., 2005; Beniston et al., 2003) .
In the last 25 years there has been strong growth in mountain tourism, which has become very economically important for many local communities and even at regional or country level. Thus, the economies of these communities are dependent on environmental conditions and factors affecting them, amongst which climate change is of major significance. From the whole range of tourist activities, the ski industry is the one with most economic and demographic influence in mountainous regions. Ski produces direct and indirect revenues related with the functioning of the ski resorts (Steiger,2012) . Even this industry has influences on demography development and the economic sector structure (Lasanta et al, 2007) .. Even this industry has influences on demography development and the structure of the economic sectors (Lasanta et al, 2007) . For this reason, the ski industry is not considered as a simple business managed by private or public companies, but it is a key element to be considered by land managers. In many regions, policy makers and public administrations play a big role for improving the infrastructures for travelling and stay in the ski areas, for promoting the ski with publicity at different levels (schools, media, international fairs, etc) and, in some cases, subsidizing the development of ski resorts or its modernization, mainly for installing snow-making devices. For this reason, the high vulnerability of the ski industry to climate change is a complex, and conflictive issue for planning the future resources of mountain areas. The actions oscillate between an interest for promoting and supporting an activity that brings noticeable revenues and opportunities, and the risk to invest resources in a business of uncertain future and with high environmental impact (Koening and Abegg, 1997; Tranos andDavouli, 2014) . In this debate, the evaluation and quantification of the impacts of climate change on ski industry in the various mountain regions of the world provide fundamental knowledge, but may also facilitate the development of adaptation or mitigation measures based on solid scientific studies that support decision-making.
Despite the great interest of the topic, the impacts of climate change on this sector started to receive some attention in the late eighties and nineties only (Breiling and Charamza, 1999; Galloway, 1988; Koening and Abegg, 1997; Koening 1998; McBoyle and Wall, 1992) . However, the interest has noticeably increased in the last years at the same time of its economic and social importance.
In this paper, we conduct an extensive review of selected scientific literature on the impacts of climate change on ski industry. The main results reached in this field for different ski resorts located in Europe, North America, Asia and Oceania are summarized in the following section. They serve as basis to develop an overall discussion of the results, and to discuss about the major needs for further research in this topic (section 3) in order to improve the accuracy and robustness of the conclusions and to enhance the usefulness of the results for the ski sector and policy makers. One of the first studies of the impacts of climate change on mountain tourism in Europe was carried out by Koenig and Abegg (1997) . They investigated winter tourism in the Swiss Alps and highlighted the strong dependence of winter tourism on climate conditions, and on the availability of sufficient snow to support snow-based sports. The study stemmed from a period in the 1980s when the scarcity of snow over three consecutive years resulted in enormous economic losses in accommodation and transport sectors. Koenig and Abegg (1997) assessed what consequences a rise in temperature, would have on the future availability of adequate snow conditions. The results showed that a rise of approximately 0.3C would result a rise on 300 m in the altitude of permanent snow in the central Alps and by 500 m in the Pre-alpine region.
Further a delay in the first snowfall of the season, and a reduction in the duration of snow cover by up to one month is expected. Under these climatic conditions the availability of snow will only be reliable in ski resorts located above 1200 m, which in the Swiss Alps includes 85% of the resorts. However, if the temperature rises by +2C the snowline will move up to 1500 m, and under these conditions only 63% of the ski slopes will be feasible. Ski resorts at higher altitudes, including those of the Grisons canton and Valais, would have good skiing conditions even with a temperature rise of +2C. In a further study in the same region, (Elsasser and Bürki, 2002) indicated that with an upward shift in the snowline to 1800 m a.s.l., only 44% of the ski runs and 2% of the ski lifts will be operable.
These impacts suggest that there will be a greater concentration of tourists in higher altitude areas, and consequent environmental problems related to increasing pressure on the water resources (supply), pollution, impacts on the flora and fauna and wastewater disposal systems (Koenig and Abegg, 1997) , and also problems derived from soil and landscape modification. In the case of the Italian Alps, Mercalli et al. (2006 Mercalli et al. ( , 2007 reported that a rise of 2C or 4C, , would cause the snow line to rise by 300 and 600 m, respectively (EURAC, 2007) . Moreover, it was reported that a rise in the current temperature of less than 1C may cause serious loss of snow cover at altitudes < 1400 m, and that there would be a 35% reduction in the annual duration of the snow cover for every 1C rise in temperature. Less extreme but noteworthy effects will occur at higher altitudes, where for every 1C rise in temperature there will be an average loss in snow depth of 15% at approximately 1850 m, and 12% at 2300 m. Ski resorts in the Italian Alps are generally located at quite high altitudes. However, this does not preclude them from the impacts of climate change. Based on the assumption that for every 1C rise in temperature the permanent snow line for skiing will rise by 150 m, out of the 167 ski resorts in Italy, 131 (located higher than 1650 m) will remain viable for winter sports. If temperature rise 2ºC , will be 88 resorts (higher than 1800 m) viable, and if the temperature rise 4ºC only 30 resorts (higher than 2100 m) will remain viable (EURAC, 2007) .
The effect of climate change on the ski industry in Austria has been intensively analyzed in the last years in alpine region, Breiling and Charamza (1999) (2008) and Steiger (2011) noted the importance of artificial snowmaking to reduce the effects of climate change on sky resorts feasability, although in some cases this will not be sufficient. Moreover, the potential number of days with optimal humidity and temperature conditions for making artificial snow will be reduced by approximately 33% if there is a temperature rise of +2C. In a subsequent study, Steiger (2012) probed that the dependency on natural snow conditions has declined over recent years because of improved snowmaking techniques, although this has involved substantial increases in cost and investment, and ultimately this may directly affect the tourist affluence due to the rise of lift tickets price. Steiger and Abegg (2013) recently analyzed how climate change might affect winter tourism in Austria. This study was mainly based on three criteria: the 100-day rule (based on the assumption to be considered reliable ski resort needs a minimum of 100 days per season with a snowpack deeper than 30 cm 7 out of 10, winters Witmer, 1986) ; the ski season beginning on December 8; and the availability of sufficient snow during the Christmas holidays. The results of this study
show that only 43% of a total of 228 ski areas met these criteria during the reference period . Based on the 100-day rule, increases of 1, 2 and 4C would reduce total available areas for skiing and snowmaking by 81, 57 and 18 respectively. Under a +2C temperature increase scenario more than 50% of the ski areas will have to increase snowmaking by 100-199%. Moen and Fredman (2007) found that in Sweden during the period 1961-1990 the temperature increased by an average of 2C, the precipitation remained stable, but the snow cover decreased by 8 cm depth. This resulted in a reduction of 5 days in the potential ski season, (measured as the number of days with at least 30 cm of snow depth, Elsasser and Bürki, 2002; Scott et al., 2003) . The same study presents a detailed analysis for the region of Sälen (southwest Sweden).under the A2 (about +5C, and +45% precipitation) and B2 (about +2.5ºC, and +15% precipitation) regional climate change scenarios. It showed the amount of snowfall would be reduced by 66% under scenario A2 and 44% under scenario B2.The duration of the ski season, which has been 162 days on average over recent years, will be reduced by 96 days under scenario A2
and 64 days under scenario B2.
López- Moreno et al. (2009) estimated that in the Pyrenees over the time period 2070-2100 there would be a decrease of 78% in the duration of snow cover at 1500 m under climate change scenario A2 (projected temperature increase in this study ranges from 2.4ºC to 4.1ºC with a mean change of 3.1ºC), and a decrease of 20% at 3000 m. Under climate change scenario B2 (temperature increase from 0.9ºC to 2.3ºC, with a mean change of 1.3ºC), they forecast a decrease of 44% in the duration of snow cover at 1500 m and 11% at 3000 m. Under scenario A2 they predicted a reduction of 70% in snow volume at 1500 m and an 11% reduction at 3000 m, whereas for B2 they predicted the reduction would be 32% at 1500 m and 5% at 3000 m.
More specifically, for the Aragonese Pyrenees (Spain) under climate change scenario A2 for the time horizon of 2040 it was concluded that the resorts will generally continue to be viable, but that low altitude areas will require artificial snowmaking because of the higher temperatures (Ribalaygua et al, 2013) , especially during the month of March (Estudio sobre el sector de la nieve en Aragón, 2009 ). This report also indicated that the situation will worsen severely by the second half of the century. Thus, It was estimated that only resorts at an altitude of 1750-1800 m or higher has the snow viability guaranteed. et al. (2012) used the snow cover change scenarios developed by López-Moreno et al. (2009) to simulate skiability at three ski resorts (Arcalís, Pal-Arinsal and GrandValira) in Andorra at the end of the 21st century under scenarios B2 and A2. Two scenarios assumed an increase of +2C and +4C, respectively, and another two assumed the same temperature increase but incorporated artificial snowmaking. They found that based on natural snow availability only for the lowest areas of Pal-Arinsal would there be a contraction (30%) in the duration of the ski season with a temperature increase of +2C, and with the introduction of artificial snowmaking the ski season length would be reduced by 25%. Under the +4ºC temperature increase scenario all three resorts would be seriously affected: the length of the season would be reduced by 95% at Pal-Arinsal, by 17% at GrandValira, and by 27% at Arcalís.. . The general conclusions of this study indicate that snowmaking will not be able to completely overcome the problems resulting from a temperature increase in the lower altitude skiing areas of Andorra (Pons et al., 2012) .
Pons

North America:
In North America, studies on the impact of climate change on ski industry were initiated earlier than in other parts of the world. The first studies, carried out in Canada and the United States in the late 1980s (Lamothe and Périard, 1988; Lipski and McBoyle, 1991; McBoyle and Wall, 1987) , projects reductions exceeding 50% in the skiable days..
These projections overestimated the impact of climate change, primarily because they did not take account of mitigating measures including snowmaking technologies, which were now fully integrated into the operation of ski resorts (Scott, 2006) .For Quebec, most recent studies indicate that the use of snowmaking has considerably reduces the vulnerability of these areas to climate change. Based on the IPCC climate change scenarios for 2020 and 2050, it was found that under scenario B2 (the lower temperature increase scenario) the reduction in snow depth will be 8% by 2020 (+ 1.4-1.6ºC) and 26% by 2050 (+ 1.9-2.3ºC), and will particularly occur during March, at the end of winter . For the higher temperature increase scenario (A1), the reduction will be about 29% by 2020 (+2.8 ºC) and 75% by 2050 (+7.4-7.9ºC).. Under scenario B2 the ski season length will decline by 0-2% by the 2020s and by 4-7% in the 2050s, while for the A1 scenario the reduction will be 13-15% by the 2020s and approximately 30% by the 2050s. The need for artificial snowmaking under scenario B2 will increase by 15% by 2020 and 30% by 2050; for scenario A1 the increase will be 43% by 2020 and 131% by 2050.
In the Ontario region of Canada (specifically the Horseshoes ski resort) resorts are (in contrast to other areas) predicted to continue to be viable under a warmer climate, but assuming an increasing snowmaking capabilities, because with the current capabilities the average ski season is projected to decrease by 0-16% (B2-A2) in the 2020s, 7-32% (B2-A2) in the 2050s and 11-50% (B2-A2) in the 2080s, depending on the climate change scenario imposed (Scott et al., 2003) .
In a study in the northeastern United States, Dawson et al. (2009) scenario. The tourist demand will drop 11,6% in A1 scenario and 10,8% in the B1 scenario.
In a later study of the same area, Dawson and Scott (2013) 
Asia:
There are relatively few studies on climate change and tourism for the Asian continent.
Demiroglu (2000) 
Oceania
Australia and New Zealand are the only regions in the southern hemisphere from which there are scientific reports on the effect of climate change on ski resorts and ski tourism. Koenig (1998) analyzed the impacts of different regional climate scenarios on the Australian Alps. Based on a temperature increase of +0.3C and the 60-day rule (natural snow-cover duration at least 60 days per season), all the ski resorts analyzed (9) will be viable in 2030 except for one. Under the worst-case scenario (+1.3C temperature increase), skiing will only be possible at one resort. Under the best-case scenario for 2070 (a temperature rise of +0.6ºC), six ski resorts will exist still; but in the worst-case scenario (+3.4ºC) no one of the resorts will remain viable.
In a more recent study of the Australian Alps, Pickering and Buckley (2010) analyzed the number of days with at least 1 cm of snow cover at 20 locations within the ski resorts, under a moderate climate change scenario of +1C. By 2020 only seven of the 20 locations (35%) are expected to maintain at least 1 cm of natural snow cover for 70 days or more, two locations will maintain this cover for 60-70 days, and 11 locations will maintain this cover for < 60 days. The results of this study indicate that under a 1C temperature rise scenario many ski resorts will not be viable with only natural snow conditions. The dependence on artificial snow will increase continuously, and it is possible that many resorts will not be able to meet the expense, and access the increased volume of water required. The most recent study in the southern hemisphere, conducted
by Hendrikx et al. (2013) , involved a comparative analysis of future impacts in Australia and New Zealand using in both places the same method of analysis. They 
Overall assessment and conclusions
Most reviews of the impact of climate change on the ski industry have used climate change scenarios or fixed thresholds of warming in models for estimating future changes in snow conditions (especially snow depth and duration), and to assess how climate change might affect the viability of ski resorts in various mountain areas.
Despite the relatively large number of studies addressing this issue in many different geographic areas, it is very difficult to compare the results because of the variety of methodologies used, the different parameters considered in assessing the viability of the ski industry under climate change conditions, and the various climate models, emission or warming scenarios, time horizons and scales of analysis used. Thus, among all the studies reviewed here (summarized in Table 1 ) few have been appropriate for direct comparison (Fig. 2) . Adoption of common terminology, methods and indicators are necessary to facilitate comparison among different geographical areas, thus increasing the usefulness for decision makers of the results of studies in this field (Tranos and Davoudi, 2014) . Thus, the regular consideration of indicators such as changes in the length of the ski season (considering different elevations and slope aspects within the specific ski resorts) and the reduction in number of skiers would help to compare climate change impacts on this economic sector. Figure 2 shows the decrease in the number of ski days and the percentage of ski resorts within a particular region that should be closed as a function of various scenarios of climate warming. The studies from which Figure 2 was derived, and the other studies reviewed, highlight how sensitive the ski industry is to increasing temperature, but also the large variability in skiability in response to similar warming rates. For example, changes in the number of ski days in response to climate warming at two resorts located in Andorra differed markedly ( Fig. 2A ; Pons et al., 2012) . These differences can be largely explained by the average altitude of the resorts, or the latitude of the mountain regions involved. Thus, colder areas (because of high altitude or latitudinal location) are less affected by climate change, or may even benefit through spillover from lower-altitude resorts that are more vulnerable to the effects of climate change (Dawson and Scott, 2010; Koenig and Abegg, 1997; Scott et al., 2008) .
In addition to the influential effect of increasing temperature on the ski industry, the evolution of future precipitation may partially balance or exacerbate the effect of climate warming on snowpack duration and accumulation (López-Moreno et al., in press), and hence affect the skiability of a given resort or region. However, the projections for the future vary greatly, even over very short distances, and are subject to much greater uncertainty than for temperature (Dequé et al., 2007) . Thus, assessment of the future of the ski industry should include the effect of changing precipitation together with warming effects, but fully account for uncertainty. In this way, decision makers would not considered specific results of climatic change, but with a range of scenarios ranked by the likelihood of their occurrence. Most of the reviewed studies assessed the viability of ski resorts under changing climate based on the simulated snowpack under natural conditions, and then used established criteria to assess the economic viability of the ski areas in determining the potential need for resort closure or a shorter ski season. These approaches are useful but require careful interpretation. Some of the established criteria for skiability, including the 30 cm threshold and a minimum annual operation time of 100 days (; Abegg, 1996; Abegg et al., 2007; Scott, 2007, 2010; Elsasser and Bürki, 2002; Koening and Abegg, 1997; ; Moen and Fredman, 2007; Pons et al., 2012; Scott et al., 2003; ; Steiger, 2010; Wittmer, 1986) , a 75% probability of being open during
Christmas holidays (Dawson and Scott, 2013; Scott et al., 2008) , or being operational on 8 December, the Christmas holidays and New Year (Steiger, 2013) cannot be systematically applied to all areas. There are other local factors to consider as the specific physical and technical characteristics of the resorts (e.g. roughness of the ski slopes and the location of the chair lifts), or the economic framework within which ski companies develop their activities (e.g. the number of employees, the price of water and energy, and the presence of public subsidies). Consequently, greater interaction between scientists and managers of ski areas is needed. Furthermore, many studies have only considered ski conditions based on the natural snowpack, whereas studies that have considered snowmaking in their simulations have highlighted this as a useful tool in reducing the impacts of climate change on ski businesses. However, various limitations associated with snowmaking have been reported. At lower altitudes at ski resorts there are fewer nights suitable for snowmaking, so more snowmaking guns are needed, and consequently there is more consumption of water and energy, and higher costs (Pickering and Buckley, 2010) . Furthermore, increased water consumption for artificial snowmaking may generate conflict among mountain communities and various agricultural, urban residential, power generation and other industrial uses (Morrison and Pickering, 2013; Pickering and Buckley, 2010; ) . Consequently, ski companies and public bodies need to consider with caution the implementation of this adaptation tool (Hopkins, 2014; Vanham et al., 2009 ). In addition to snowmaking, the management of snow to improve its quality and duration on ski slopes is highly complex. The processes applied to the snow, including preparation of the ground, artificial snow production, redistribution and compaction, and modifications to snow roughness and its aerodynamic characteristics are encompassed in the term 'snow crop'. These techniques markedly affect the density and thermal conductance of the snowpack, and the exchange of energy between the snow surface and the atmosphere (Fauve et al., 2002) , as well as affect on the sensitivity of the snowpack to climate warming. However, no studies to date have considered physical transformations of the snowpack in developing future scenarios of ski conditions. We believe this aspect will need to be addressed in the near future to enable more accurate scenarios concerning the viability of ski resorts under changing climate to be provided to ski companies, government agencies and decision makers.
This review has highlighted evidence that climate change is a major threat to tourism through the closure of ski resorts in many mountain regions. However, despite the economic importance of skiing for many mountain regions, less snow does not necessarily imply the end of winter sports and tourism in these regions. Mountain areas are valuable landscapes and offer many attractions for tourists; these can offset, at least in part, the economic losses resulting from a worsening in the conditions for skiing. For example, the 2008-2009 winter season in the Black Forest was profitable from the point of view of tourism, despite the fact that this was the warmest period since 1961 (Endler and Matzarakis, 2011) . In this regard, the development of activities complementary to ski tourism, such as snowmobiling, dog sleighing and ice fishing, can be developed, although these are also dependent on snow cover (Moen and Fredman, 2007) . Yearround tourism not based on snow availability, such as hiking, kayaking and canyoning, have become important tourist options in mountain areas (Tranos and Davoudi, 2014) .
However, all are dependent on the availability water, and may be seriously jeopardized by climate change. Few studies have considered how climate change might affect these other types of tourism, so it will be of importance add the assessment of theeffects of climate change on these other activities to the impacts on the ski industry. Overall assessment in this regard may provide robust tools to plan the management of tourism activities and devise strategies to minimize the negative effects of climate change in mountain communities. 
----Snow reliable ski areas +0.3ºC -1 (9) +1.3ºC -8 (9) (2030) +0.6ºC -3 (9) +3.4ºC -9 (9) (2070)
